An osmosensing mechanism of Saccharomyces cerevisiae involves a mitogen-activated protein kinase (MAPK) cascade (HOG pathway). This study aimed to investigate the response of the yeast to osmotic stress. A mutant strain, in which the HOG1 gene was disrupted by TRP1, was constructed. A spontaneous mutant, named YJY45, which suppresses the osmosensitive growth phenotype of the hog1 deletion mutant, was selected and showed a secondary phenotype of temperature sensitivity on YPD containing 0.5 M NaCl at 37 ‡C. Our data indicate that the spontaneous mutation in YJY45 mutant was mapped in KSS1, which is one of the MAPK family. The mutation in KSS1 suppresses the osmolarity-hypersensitive phenotype of the hog1 deletion mutation and restores GPD1 induction. ß
Introduction
Cells as well as entire organisms have developed several adaptation mechanisms to accommodate themselves to stress conditions in environmental surroundings. Under these circumstances organisms try to modify their cellular machinery to get through the deleterious e¡ects of damaging agents. For example, they modulate some enzymatic activities and control some changes in expression of several speci¢c genes. These constitute a series of stress responses [1, 2] . One of the most intensively studied mechanisms in stress responses is the adaptation process to higher temperature, the heat shock response [3] . The adaptation mechanism to sudden severe changes of osmolarity in the environment is also an important process to survive in nature. Recently, much attention has been paid to this process, also called the osmotic stress response [4^6] , and the yeast Saccharomyces cerevisiae can be utilized as a convenient model system for research of the salinity response [2] .
In uni-and multicellular organisms, the capacity to adapt to altered osmolarity in the surrounding growth medium has especially fundamental importance. A strategy in osmoadaptation that might be applied by all cell types is that they begin to produce and accumulate species-and stage-speci¢c compatible osmolytes to adjust their intracellular osmolarity to that of the growth medium [7] . Various molecules such as ions, sugars, sugar alcohols, amino acids and their derivatives can comprise these osmolytes. We have studied the response of the yeast S. cerevisiae, which employs glycerol as osmolyte, to osmotic stress as a eukaryotic model system for molecular mechanisms in osmoadaptation [5, 8, 9] .
The deleterious e¡ects of salt stress in cells can be simply summarized as two major aspects. One is the loss of turgor pressure by osmotic stress and the other is the toxicity of Na þ ions to the cellular metabolism. The mechanism by which the yeast S. cerevisiae overcomes this harmful stress is, in brief, as follows. First of all, it induces the expression of the GPD1 gene, a key gene involved in glycerol synthesis, to restore turgor pressure [10] and modulate the expression of the PMR2/ENA1 gene, encoding an ATPase involved in sodium extrusion, to o¡set the Na þ toxicity in cytosol [11] . There are many other genes whose expression is induced by salt stress, but their contribution to the osmoadaptation, if any, has not been well investigated yet [2] .
In the speci¢c stress response of the cells, signal transduction pathways such as the mitogen-activated protein kinase (MAPK) pathway, which is a profoundly studied mechanism, play an important role in transmitting signals or stimuli from outside the cells to the cytosol and the nucleus. In eukaryotic cells, there exist multiple MAPK cascades and they mediate appropriate cellular responses to distinct environmental signals [5, 12] . The MAPK cascade consists of MAPK, MAPK kinase (MEK), and MAPK kinase kinase (MEKK). This system involves sequential protein phosphorylation events that culminate in the activation of MAPK by the phosphorylation of neighboring threonine and tyrosine residues. Active MAPK modi¢es many substrates, including transcription factors, which can program di¡erent developmental outcomes. In S. cerevisiae, there are four independent MAPK cascade modules, which have been identi¢ed and investigated [13, 14] . (1) One pathway, called the HOG (high osmolarity glycerol) pathway, mediates the response to hyperosmotic conditions through the MAPK pathway homologues PBS2 (MEK) and HOG1 (MAPK), which stimulate glycerol accumulation [15] . (2) The best-de¢ned MAPK pathway controls the mating of haploid cells through STE11 (MEKK), STE7 (MEK), and FUS3 (MAPK) [16] . (3) The pseudohyphal development/invasive growth pathway responds to environmental conditions such as nitrogen starvation to allow formation of pseudohyphal cells in a/K diploids and invasive growth in haploids through STE11 (MEKK), STE7 (MEK), and KSS1 (MAPK) [17^19] . (4) The fourth pathway controls cell wall biosynthesis through PKC1 (protein kinase C homologue) and the protein kinase BCK1 (MEKK), MKK1 and MKK2 (MEK), and MPK1 (MAPK) [20] .
Through research on the adaptation mechanisms of the yeast S. cerevisiae to salinity stress, several sensing components and signal transduction pathways, as well as target genes, which are activated and expressed upon salt stress, have been identi¢ed so far [2, 5, 21] . The HOG response pathway consists of two putative transmembrane osmosensors, Sho1p and Sln1p, and a branched MAPK cascade with Hog1p as the sole terminal MAPK [16,22^26] . The HOG pathway responds to moderate concentrations of osmotic agents. The Hog1p MAPK is activated by tyrosine phosphorylation in its own residues via a multistep phosphorelay mechanism and then modulates the expression of many osmo-inducible genes such as GPD1 [22, 23, 27] . There are many genes whose osmotic up-regulation requires HOG signaling but the gene activation mechanism through the phosphorylated Hog1p is still largely unknown. The HOG pathway plays an important, albeit not exclusive, role in osmotic induction of GPD1 expression. It was reported that osmotic control of GPD1 expression was also the result of interplay between di¡erent signaling pathways, although some of these remain to be identi¢ed [28] .
This study aimed to investigate the response of the yeast S. cerevisiae to osmotic stress using a hog1 deletion mutant (YJY38) and its extragenic suppressor (YJY45). Our data indicate that a mutation in the KSS1 gene, which is a MAPK homologue of the HOG1 gene in yeast S. cerevisiae, suppresses the hyper-osmosensitive phenotype of the hog1 deletion mutant and restores the mRNA level of the GPD1 gene in the hog1 deletion mutant under moderate osmotic stress (0.5 M NaCl).
Materials and methods

Yeast strains, media, growth conditions, and transformation
Yeast strains used in this study were DBY1829 (MATK lys2-801 his3-v200 leu2-3,112 trp1-1 ura3-52), YJY38 (MATK lys2-801 his3-v200 leu2-3,112 trp1-1 ura3-52 hog1: :TRP1) and YJY45 (MATK lys2-801 his3-v200 leu2-3,112 trp1-1 ura3-52 hog1: :TRP1 kss1-101). Yeast cells were grown in either YPD (1% yeast extract, 2% Bacto-peptone, and 2% glucose) or synthetic medium with necessary supplements [29] for maintaining plasmids and selecting hog1 disrupted mutant. Where noted, NaCl was added at the indicated concentration. Escherichia coli strain DH5K was used for propagation of plasmids. For growth assay, cells were grown to exponential phase in YPD or selective medium, sedimented, washed with water, and diluted to an OD 600 of 1.0. Ten microliters of this suspension was spotted on YPD plates and incubated. Yeast transformations were done by an improved method for high e⁄ciency transformation of intact yeast cells as described by Daniel et al. [30] .
PCR ampli¢cation
To amplify yeast genes, such as HOG1, GPD1, and KSS1, the PCR method was applied. A 1.6-kb fragment encompassing the HOG1 locus from 3270 bp from the initiating ATG to +80 bp from the stop codon was ampli¢ed from genomic DNA prepared from yeast strain DBY1829 (wild-type) using the 5P primer GGGAG-GATCTCGAAGGGAAG and the 3P primer AAGAAG-TAAGAATGAGTGGT. For ampli¢cation of the KSS1 gene, both genomic DNAs isolated from the wild-type cells and YJY45 mutants were used as templates with the upstream primer 5P-CACAACGTGTCACTGCTAAG (3115 bp from the translation initiation codon) and the downstream primer 5P-GGATCAGATCAAAAGCCGAC (+69 bp from the translation termination codon). For ampli¢cation of the GPD1 gene, the upstream primer 5P-ATACCCAGAAGTTTTCGCTC, and the downstream primer 5P-TTCGATGACACTAACGTGGA are +177 bp and +699 bp from the translation initiation codon, respectively.
DNA subcloning and automatic sequencing
PCR products were cloned into plasmid pGEM-T easy vector (Promega) according to the manufacturer's instructions. To subclone the speci¢c DNA fragments in the plasmids from the genomic library, restriction fragments from isolated plasmid DNA were ligated into pRS316 vector [31] . Plasmid DNAs were isolated using the Wizard Plus Miniprep Kit (Promega). Sequencing of the cloned PCR product or plasmids with either T7, SP6, or speci¢c primers was carried out using the ABI Prism1 Dye Terminator cycle sequencing ready reaction kit protocol with Automated DNA sequencer (Perkin Elmer ABI Prism1 model). Comparison of DNA homology with the GenBank database was performed using BLAST search.
Plasmid construction
To construct the hog1: :TRP1 disruption plasmid, the 1.6-kb PCR product of the HOG1 gene was ligated into the Xa1-T vector (Promega) to yield pYJ100. pYJ100 was cleaved with SmaI and HindIII and then ligated into the SmaI/HindIII site of the pSM217 vector [31] to construct pYJ101. pYJ101 was cleaved with EcoRI to remove the internal fragment of the HOG1 coding region. The BamHI and BglII fragment containing TRP1 in pJJ281 [32] was £ipped to generate pYJ105. The EcoRI fragment of pYJ105 containing TRP1 was ligated to the EcoRI-cleaved pYJ101 to yield pYJ112. Treatment of pYJ112 with BglII and SalI liberated a DNA fragment containing the hog1 : :TRP1 allele, which was then used for yeast transformation. Gene disruption was con¢rmed by genomic Southern hybridization with a gene-speci¢c probe.
Southern blot analysis
For Southern blot analysis, yeast genomic DNA was digested with ClaI and EcoRV and electrophoresed in agarose gels and blotted onto Zeta-Probe membrane (BioRad) using 10USSC as transfer bu¡er. Hybridization was done with a [
32 P]dCTP-labelled probe of the HOG1 gene. The ¢lters were then exposed to X-ray ¢lm for 1^4 days.
Northern blot analysis
For Northern (RNA) blot analysis, total RNA was isolated according to the method described by Frederick et al. [33] at the indicated time points. Twenty micrograms of total RNA samples was separated by electrophoresis in formaldehyde agarose gels (1.3%) under denaturing condition, and blotted onto Zeta-Probe membrane (Bio-Rad) using 10USSC as transfer bu¡er. The bound RNA was hybridized to the [ 32 P]dCTP-labelled probe of GPD1 DNA. The GPD1 probe includes sequences from position +177 to +699 relative to translation initiation. Probe DNA was labeled with the rediprime DNA labeling kit (Amersham). The signal was quanti¢ed using a phosphoimager (Fuji BAS-1500).
Results
The HOG1 gene was disrupted by TRP1 as described in Section 2. The disruption was con¢rmed by Southern hybridization using labeled HOG1 DNA as a probe (data not shown). In Southern blot analysis, the wild-type HOG1 is in the 3.8-kb DNA fragment when digested with ClaI and EcoRV. The additional EcoRV recognition site in TRP1 separates the bands of the hog1 deletion allele (YJY38) into 3.2-kb and 0.9-kb fragments.
We selected for mutations that permit the growth of hog1 deletion mutant cells in the presence of 0.5 M NaCl. Cultures of YJY38 were grown at 30 ‡C to late exponential phase, then diluted and incubated on YPD containing 0.5 M NaCl for 6 days at room temperature. A mutant, named YJY45, was obtained by screening about 2U10 6 cells. The YJY45 mutant cells in addition showed a secondary phenotype of temperature sensitivity (ts 3 ) on YPD containing 0.5 M NaCl at 37 ‡C (Fig. 1) . We exploited the temperature sensitivity of the YJY45 mutant on YPD containing 0.5 M NaCl to isolate the wild-type gene.
To obtain the wild-type gene for the mutation in YJY45, the mutant cells were transformed with a yeast genomic library constructed in the 2W-LEU2 vector YEp13 [34] . Ts þ transformants were selected on YPD plates containing 0.5 M NaCl after 5^6 days at 37 ‡C. As stated above, the growth of mutant YJY45 is completely inhibited under this condition. Six ts þ colonies were identi¢ed on medium containing 0.5 M NaCl at 37 ‡C and plasmids were recovered in E. coli from such transformants. The ability of these recovered plasmids to complement the ts 3 growth phenotype of YJY45 mutant cells was retested. The results indicated that the ts þ phenotype was indeed plasmid-dependent. These plasmids were further characterized via restriction mapping and sequencing to identify the yeast genomic DNA carried by the plasmid. The result of this analysis indicated that the six independent plasmids were classi¢ed in three groups named pYJ113, pYJ114, and pYJ126. In addition, the genomic DNAs carried by these three di¡erent plasmids overlapped as shown in Fig. 2 . The result of subcloning of the genomic DNA fragment to identify a particular gene responsible for the complementation showed that the wild-type gene for the YJY45 mutation is the KSS1 gene, which is known as a member of the MAPK family as a homologous protein of Hog1p MAPK in yeast S. cerevisiae (Fig.  2) .
In an attempt to determine the exact position of the mutation in the KSS1 gene, we ampli¢ed the V1.3-kb chromosomal KSS1 locus by PCR using genomic DNA from wild-type and the YJY45 mutant. The PCR products were then subcloned and sequenced using T7, SP6, and gene-speci¢c primer. Our data indicate that the nucleotide sequence of the wild-type KSS1 gene is the same as that shown in GenBank, but the nucleotide sequence of the mutated KSS1 gene contains a point mutation of G to A at position 58 which results in a substitution of the amino acid sequence at position 20 of glycine to serine (Fig. 2) . This mutation has been reported as kss1-101, which exhibits a ¢lamentation-defective phenotype [35] .
We tested whether this kss1-101 allele a¡ects the expression of genes induced by osmotic stress via the HOG pathway. Particularly, we tested whether the expression of the key glycerol biosynthesis gene GPD1, which is regulated mainly by the HOG pathway, was a¡ected by the mutation. Northern analysis indicated that this was indeed the case. Whereas the osmotic induction of GPD1 expression was severely reduced in hog1-deleted YJY38 mutant cells, the expression of GPD1 in YJY45 cells, which is isogenic to YJY38 but contains an additional kss1-101 allele, was induced by osmotic stress similarly to that of wild-type cells (Fig. 3) . Fig. 3 . Induction of GPD1 expression in YJY45 mutant cells containing the kss1-101 allele. Wild-type and the mutant YJY38 and YJY45 cells were grown to exponential phase and exposed to 0.5 M NaCl at time zero. Cells were harvested at the indicated time points. RNAs were then extracted and subjected to Northern hybridization. Ethidium bromidestained agarose gel was used to normalize the amounts of RNA loaded. Fig. 2 . Partial nucleotide and deduced amino acid sequence of the mutation in strain YJY45. A: Identi¢cation of genetic locus that complements the ts 3 phenotype of mutant YJY45. YJY45 cells transformed with each plasmid were tested for complementation of the ts 3 phenotype at 37 ‡C on YPD+0.5 M NaCl. The genetic locus of complementing clones was identi¢ed by partial DNA sequencing and comparison with yeast genome database. B: Partial nucleotide and amino acid sequences of the KSS1 gene. Genomic DNAs containing either wild-type KSS1 or mutated KSS1 were ampli¢ed by PCR, and the resulting PCR products were subjected to DNA sequencing.
Discussion
The aspect of speci¢city in signal transduction mechanisms of cells is a very important issue [36] . The MAPK pathway is one of the most intensively studied pathways in signal transduction mechanisms. As previously stated, four independent MAPK cascade modules are working in S. cerevisiae [13, 14] . Several components such as Ste20p, Ste11p, Ste7p, and Ste12p, which compose the MAPK cascade modules in yeast, are involved simultaneously in both the pheromone response pathway and the ¢lamenta-tion/invasive pathway [18, 19] . Moreover, Ste11p is a commonly utilized molecule in three di¡erent MAPK pathways (the pheromone response pathway, the pseudohyphal development pathway, and the HOG pathway). On account of this component, although the problem of cross-talk between these MAPK cascade pathways has been raised so far, it has been reported that the phenomena of cross-talk do not occur as frequently in normal conditions as in wild-type cells. There should be an e¡ec-tive device to control this di⁄culty.
Then what is the mechanism to restrict the function of Ste11p to activate the only potential target molecules of the speci¢c pathways? Recently, it was reported that Hog1p, the MAPK of the HOG pathway, partly plays a role in this aspect [37] . They showed that cross-talk as an activation of the pheromone response pathway by high osmolarity was suppressed by the presence of Hog1p. Osmolarity-induced activation of the pheromone response pathway, the cross-talk, was exhibited not by wild-type but by hog1 mutants. In this case, Sho1p, which is one of a sensor molecules of the HOG pathway, transmits this signal to the respective MAPK cascades. As previously stated, the HOG pathway has two putative transmembrane osmosensors, Sho1p and Sln1p. But only Sho1p is involved in this kind of cross-talk. The importance of Sho1p is demonstrated by the observation that the level of cross-talk was reduced in hog1/hog1 mutant strains to a degree of 78%. Judging from these observations, the Sln1p branch of the HOG pathway plays little role in osmolarity-induced cross-talk [37] .
The MAPK module of the pseudohyphal development pathway contains Ste11p and Ste7p along with the MAPK Kss1p. It was presented that Sho1p can act as a sensor molecule in this pathway and the role is similar to the function of Ste5p as a sca¡old protein in the pheromone response pathway. That is to say, it conveys the signal from the external environment to Ste11p and Ste7p and activates them. This function of Sho1p can act not only on the normal pseudohyphal growth in wild-type (HOG1) cells but also on the osmolarity-induced cross-talk (hyperpseudohyphal growth) in hog1 mutants. From this point of view, it can be concluded that the hyperpseudohyphal growth phenotype in hog1/hog1 strains is not the result of cross-talk but the phenomenon of continuous activation of a non-speci¢c pathway due to the loss of the negative regulator, Hog1p [37, 38] . In Schizosaccharomyces pombe, it was reported that the pathway which responds to high osmolarity can also respond to multiple stimuli, including nutrient limitation [39] .
Recently, it was reported that the S. cerevisiae ¢lamen-tation/invasion pathway was activated by osmotic stress possibly via Sho1p in HOG pathway mutants [37, 38] , and Kss1p, the MAPK of the ¢lamentation/invasion pathway, was activated by osmotic stress in HOG pathway mutants [38] . Therefore the mutated Kss1p characterized in this study could also be activated through its own pathway under osmotic stress conditions via Sho1p as a sensor for linking the activation of Ste11p and Ste7p. In addition, the G20S mutation in KSS1 was previously reported as the ¢lamentation-defective allele [35] . We tested whether the YJY45 mutant cells containing the kss1-101 allele exhibit invasive growth when incubated for a prolonged period of time on rich medium. As expected, we could not observe any signi¢cant phenomenon under this condition (data not shown).
From these circumstances, this mutated Kss1p would perhaps not be able to activate its own downstream target molecule; transcription factor Ste12p/Tec1p, because of switching its substrate-binding speci¢city, resulted from the G20S substitution. However, it could directly activate the HOG pathway target molecules including transcription factors. In other words, the mutated Kss1p cannot act on its own pathway and exhibit the ¢lamentation/invasive defective phenotype probably because it cannot interact with Ste12p/Tec1p but interacts with the transcription factors involved in the HOG pathway, which mainly regulate the induction of GPD1expression. If our assumption is right, then this mutated Kss1p might not only suppress the hyper-osmosensitive phenotype but also recover the extremely reduced expression of GPD1 in the hog1 deletion mutant. Indeed, this appears to be the case (Figs. 1  and 3 ). So we suggest that the position of Gly-20 in the amino acid sequence may be important in the substratebinding speci¢city of the MAPK Kss1p.
It should be further con¢rmed whether the expression of GPD1 in YJY45 is a direct result of the function of transcription factors of the HOG pathway or is an indirect phenomenon via an unknown e¡ector. If the latter case is the reason for GPD1 induction in YJY45, identi¢cation and characterization of the unknown e¡ector molecules should be performed and then this study can contribute to investigate the more precise regulation mechanism of GPD1 which is the major target gene induced by osmotic stress.
